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Summary 
Wide variety of cast material applications and efforts to find optimum fields for casting operation are the reasons why it is so important to 
collect as many data on the properties of materials as possible. The problem of primary importance is to know how these materials will 
behave under the normally and rapidly changing loads, in other words – to know their fatigue strength. This study gives a short 
characteristic of fatigue tests and compares various data collected during measurements of the low-cycle fatigue strength coefficient K 
with the values of constant KIc, representing fracture toughness. The results of the investigations described here have revealed some 
important correlations that exist between the total elongation A5 and the proposed brittleness criterion B, conventional stress K, and 
fracture toughness KIc. The development of measurements seems to be of great importance and opens the field for further studies on 
practical implementation of this method. 
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1. Fatigue of materials – selected 
problems.  
 
1.1 Characteristics of low-cycle fatigue test. 
 
The analysis of mechanical properties within the range of 
low-cycle changing loads (LCF) is known in literature from the 
studies done by Manson; Coffin and Morrow [7, 8, 9, 10]; it is 
also covered by a Polish standard [11]. The essence of LCF 
consists in a test carried out under the conditions of the 
symmetrically applied loading cycles. Loading is applied as a 
tensile and compressive force acting on the specimen within the 
range of “hypercritical” stresses, i.e. above the fatigue limit, 
starting in most cases with the stress amplitude that will cause 
permanent strain of at least 0,2%. Under such test conditions, the 
number of cycles necessary for the specimen to fail will be lower, 
and the test results obtained on one specimen will be represented 
by one single point on the low-cycle fatigue resistance curve. 
Hence a logical conclusion follows that the results will be the 
more precise, the larger number of the specimens will be used in 
the test. The application of LCF is restricted to materials which 
offer satisfactory plastic properties, since the whole measuring 
range is de facto lying well above the yield strength limit [7,9].  
According to the respective standard [12], and as claimed by 
Manson, Coffin and Morrow [10], the test consists in subjecting 
the specimen to a uniaxial changing load operating in a tensile-
compressive mode until failure of the specimen occurs, and in 
recording during the test the number of cycles and the stress-strain 
(force-displacement) relationship, plotted in the form of a 
hysteresis loop. With the load amplitude higher than the fatigue 
limit, the specimen failure occurs in a number of cycles much 
lower than the adopted „reference” standard. The test is controlled 
either by stress (force referred to the specimen starting cross-
section), or strain (specimen datum surface), or displacement 
(loading system).  
The determination by this method of a limiting number of the 
loading cycles for several amplitude values enables also the 
determination of other numerous criteria used in materials 
evaluation, including the limit strain value. 
 
According to the authors of the above mentioned research 
works, the following equations can be derived: 
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319σa = K
’ (εp)
n’ (1) 
σa = σ
’
f (2Nf)
b  (2) 
εp = ε
’
f (2Nf) (3) 
 
where: σa  -  the cycle stress amplitude, 
  σ
’
f  -  the „fatigue strength coefficient” roughly equal to 
the tensile strength Rm, 
  εf  -  the true permanent strain caused by stress σ
’
f , 
 2Nf  -  the number of loading cycles to specimen failure,
  εp   -  the permanent strain (the true strain caused by 2Nf 
loading cycles, where: εp = ln ( 1 + εk), and where 
εk =∆ltrwałe /l0) ,
 K
’  -  the cyclic strength coefficient,  
 n
’  -  the cyclic strain-hardening exponent, 
  c  -  the fatigue ductility exponent. 
Assuming a constant (within the whole stress range up to a 
fatigue limit) value of the modulus of elasticity E, the following 
equation can be written down to express the elastic strain εe:  
 
εe = σf/E* (2Nf)
b  (4) 
Assuming now that 2Nf equals the minimum number of cycles 
that the material must withstand under the effect of the changing 
loads of an amplitude σa equal to the fatigue limit (the „reference” 
number of cycles), the following equation can be written down to 
express the total strain (εc) suffered by material after this number 
of cycles and after any arbitrary lower number of cycles : 
 
εp = εe + εf = εe = σf/E* (2Nf)
b + ε
’
f (2Nf)
c   (5) 
 
Here, special attention deserves the fact that measuring of the 
above mentioned parameters in a conventional low-cycle fatigue 
test (LCF) requires the use of 6 to 10 test specimens, which must 
create problems when the structurally inhomogeneous materials 
are to be tested. Not without significance is also the test duration, 
as occasionally it may take even several days, as well as the fact 
that the results obtained in this test are related only with the 
material fatigue behaviour parameters (b, c, n', K and εmax). 
Considering the above drawbacks, the test was modified and a 
programme for the modified version to be used in its primary 
form was developed by A. Karamara [9] and M. Maj [7]. It was 
next adapted to a modern control system of the MTS Test star IIs 
machine [12] and was called by the author „MLCF” test 
(Modified Low Cycle Fatigue Test). In this study an attempt has 
been made to describe the most important elements of this system, 
remembering that they will require further successive 
improvements to make the whole programme more versatile. 
The programme described here enables the modulus of 
elasticity to be determined in its general form for different stress 
ranges and stable mechanical hysteresis: 
 
1 2
1 2
ε ε
σ σ
−
−
= E    (6) 
 
where:  σ1; ε1 – the stress and strain, respectively, for the lower 
vertex of a mechanical hysteresis loop, 
  σ2; ε2 – the stress and strain, respectively, for the upper 
vertex of a mechanical hysteresis loop. 
As a next step, the following parameters can be determined: 
the apparent elastic limit – R0,02; the apparent limits: R0,05 and 
R0,1; the yield strength– R0,2; the accommodation limit – Ra; the 
estimated value of fatigue strength at rotary bending – Zgo; the 
material constants determined during low-cycle fatigue test: b, c, 
n’, the conventional stress – K, the maximum total admissible 
strain– εmax , and obviously also the tensile strength Rm. 
The fatigue strength Zgo, necessary for the computation of 
MLCF test parameters, is estimated from a test curve plotted for 
different families of materials, starting with pure metals and 
ending in ferrous and non-ferrous metal alloys [7, 9]. 
 
Fig.1. The curve used in estimation of fatigue strength [2] 
 
To determine b, c, n’ and K as well as εmax,  the following 
guidelines were adopted [7, 9]: 
•  the disturbances in a uniaxial field of stress on compression 
are eliminated through application of unilateral cycles during 
the tensile fatigue test, 
•  the permanent strain-cycle amplitude relationship, where the 
strain is caused by a preset low number of cycles (e.g. twenty 
loading-unloading cycles), is analogical to a relationship that 
occurs after specimen failure, the more that with an 
increasing number of cycles, the permanent strain produced 
after 20 cycles either changes in a very insignificant way or 
does not change at all [7, 9], 
•  the mechanical properties mentioned at the beginning of this 
chapter are determined on one single specimen only, 
•  the run of the straight lines according to equations (2) and (3) 
is determined in a double logarithmic scale from the location 
of points with the following coordinates: 
/ln 20, ln Rm/ and /ln(2Nf), ln(Zgo/ in the case of relationship 
(2) and 
/ln20, ln εf/ and /ln(2Nf), ln εz/ in the case of relationship (3), 
•  the fatigue strength during rotary bending test is estimated 
according to [7, 9].  
All parameters mentioned above are measured during the test 
made on one single specimen only, and this is the greatest benefit 
of the modified method. The possibility to measure all static 
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cycle fatigue behaviour creates new opportunities for very precise 
specification of the examined material, no matter how 
inhomogeneous it might be. 
 
1.2. Problems of fracture toughness Kc 
determination 
 
Our knowledge of the crack formation and growth under 
predetermined loading conditions enables us to predict the 
performance life of elements under these conditions when various 
types of flaws and cracks nucleate and develop.  
The crack growth rate dl/dN is an increment in the crack 
length dl during one loading cycle, and therefore it is expressed in 
millimetres per cycle or in metres per cycle. The crack growth 
rate can be determined from the slope of a tangent to the crack 
growth curve, i.e. from an increment in crack length in function of 
the number of cycles N [8, 15]. 
Most of the brittle fracture studies, including fracture 
mechanics, have been based on a classical approach to the crack 
formation hypothesis developed by A.A. Griffith. According to 
this hypothesis, a crack of a length 2l formed in an elastic plate of 
infinitely large dimensions and a unit thickness, subject to the 
effect of uniform tensile forces, will relax the stress in an area 
contacting directly the crack and hence will reduce the elastic 
energy near the crack faces, while increasing the surface energy 
necessary for the formation of a new free surface. The sum of 
both energies makes the total energy of crack propagation [15]. 
Having reached its maximum, further crack propagation is 
associated with the potential energy of the elastic deformation of 
the plate, which means that the crack of a critical length 2l will 
remain in a metastable state and will propagate spontaneously at a 
rate close to the sound velocity, thus resulting in brittle fracture. 
The critical crack size has a corresponding critical stress σkr [15]:  
 
  (7) 
 
On the other hand, it is the fact well-known that starting with 
a maximum crack propagation energy it is possible to determine 
the stress intensity factor K, which in the case of critical crack 
length lkr and critical stress σkr also becomes a critical quantity Kc, 
and is commonly known as fracture toughness: 
 
 (8) 
 
The commonly used symbol KIc means fracture toughness 
under the plane strain conditions in the most frequently 
encountered mode of loading to which the index I applies (Fig. 2. 
[15]). 
 
 
              Fig. 2 The three most fundamental modes of crack propagation [15]. 
 
 
2. Research materials, method and 
results 
 
2.1. Determination of brittleness criterion from 
the modified low-cycle fatigue test (MLCF). 
 
Options for the determination of materials brittleness were 
discussed earlier in [17], proposing a new brittleness criterion 
based on the low-cycle fatigue test. In this study an attempt was 
made to adapt the previously proposed criterion to a new modified 
low-cycle fatigue test (MLCF), to check its functionality on 
selected grades of ductile iron and compare the results with data 
given in literature, where the main issues related with fracture 
toughness KIc are discussed.  
The relationship determined by equation (1 ) can be 
formulated in the following way: 
 
 (9) 
K = σa ,  
 
when  
ln(εp)
 = 0,  (10) 
 
while by definition:  
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where: εk = ∆l/l0 , meaning the relative strain. 
 
From the above it follows that:  
 
   (12) 
 
Hence it follows that parameter K determined from the 
modified low-cycle fatigue test (MLCF) is a conventional stress 
of a value that, had it been possible, would have resulted in a unit 
elongation (εk) of 1,7 i.e. 170%. This is the elongation of an 
extremely high value, unattainable in practice, and therefore the 
conventional stress K will be always higher than the tensile 
strength. Considering the above, as a brittleness criterion, the 
difference between the conventional stress K and the tensile 
strength Rm was proposed: 
 
B = K - Rm  (13) 
 
To check the functionality of the proposed criterion, studies 
were carried out on selected grades of ductile iron, applying the 
MLCF procedure described in [12]. For the needs of the present 
study, the following parameters were tested and computed: tensile 
strength – Rm, conventional stress in MLCF test – K, A5  and 
criterion B. The corresponding theoretical values of the tensile 
strength Rm, elongation A5 and fracture toughness KIC were taken 
from the reference literature [16] and compared in Table 1. 
 
Table 1 Selected mechanical properties compared for several ductile iron grades. 
 
Mechanical properties  
Ductile iron grade  Rm [MPa] 
[16] 
Rm[MPa] 
( own 
results) 
A5 [%] 
[16] 
A5[%] 
(own 
results) 
K [MPa] 
(own results) 
B = K-Rm 
[MPa] 
(own results) 
 
KIc
[MPa*m
1/2] 
 
EN-GJS-350-22  350 312  22 13 3803  3491  31 
EN-GJS-400-18  400 455  18 11 2816  2361  30 
EN-GJS-450-10  450 470  10 10 2500  2030  23 
EN-GJS-500-7  500 538  7  8,8 3631  3093  20 
EN-GJS-600-3  600 639  3 2,25  2575  1936  25 
EN-GJS-700-2  700 790  2 0,83  1645  855  15 
EN-GJS-800-2  800 810  2  1,1 1498  688  15 
EN-GJS-900-2  900 965  2 1,16  1426  461  14 
 
 
 
 
2.2. Significance of the correlations 
 
As a next step, the significance of the correlations that are 
supposed to exist between A5, on one hand, and Rm, K, B and KIc 
– on the other, was examined. The significance of the correlation 
between the proposed brittleness criterion B and KIc was also 
taken into consideration. The results are compared in Figures 3-8. 
The investigations show a significant correlation that exists in all 
the examined relationships. Special attention deserves the mutual 
correlation that exists between the proposed brittleness criterion 
B, computed from a modified low-cycle fatigue test (MLCF), and 
fracture toughness KIc .  
 
 
 
 
own results 
 
Fig. 3. Regression equation Rm = f (A5) . Correlation coefficient r 
= -0,9316 for α = 0,05.Significance level α = 0,05.  
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Fig. 4. Regression equation Rm = f (A5). Correlation coefficient r = 
-0,8514.Significance level α = 0,05. 
 
 
 
 
Fig. 5.   Regression equation K = f (A5) . Correlation coefficient 
r = 0,8436.Significance level α = 0,05. 
 
 
 
 
Fig. 6. Regression equation B = f(A5). Correlation coefficient r = 
0,8764.Significance level α = 0,05. 
 
own results 
 
Fig. 7.   Regression equation KIc = f (A5). Correlation coefficient 
r = 0,8802.Significance level α = 0,05. 
 
 
 
own results 
Fig. 8. Regression equation B = f (KIc). Correlation coefficient r = 
0,8114.Significance level α = 0,05. 
 
3. Conclusions  own results 
 
The results presented in this study have proved the existence 
of important correlations between the total elongation (A5) and 
the proposed brittleness criterion B, conventional stress K and 
fracture toughness KIc. Very important from the cognitive point of 
view is a correlational relationship between the proposed 
brittleness criterion B and fracture toughness KIc. It is also 
important that by application of the proposed brittleness criterion 
it is possible to examine the properties in a relatively large 
volume of the tested material. The results of fracture toughness 
measurements are confined to a small volume of the tested 
material, usually around the notch area. Considering the fact that 
the comparative analysis of LCF and MLCF methods gives hope 
for the possible wider application of MLCF in fatigue tests, 
further developments in this field to include the determination of 
the brittleness of the examined materials seem to be of an utmost 
importance and open a vast area for further research and practical 
implementation of the results obtained so far. 
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